We use retrievals of atmospheric precipitable water from satellite microwave observations and analyses of near-surface temperature to examine the relationship between these two fields on daily and longer timescales. The retrieval technique producing the data used here is most effective over the open ocean, so the analysis focuses on the southern hemisphere's extratropics, which have an extensive ocean surface. For both the total and the eddy precipitable water fields, there is a close correspondence between local variations in the precipitable water and near-surface temperature. The correspondence appears particularly strong for synoptic and planetary scale transient eddies. More specifically, the results support a typical modeling assumption that transient eddy moisture fields are proportional to transient eddy temperature fields under the assumption of constant relative humidity. 
Introduction
An important contributor to the atmospheric branch of the extratropical water cycle is the transport of water vapor by atmospheric eddies. This transport also plays an important role in the Earth's energy balance: it is a medium for the poleward movement of heat, it helps determine the distribution of water vapor, the predominant greenhouse gas, and it influences the distribution of clouds. Despite water vapor's role in energy and water balances, its spatial and temporal characteristics are poorly understood because it is difficult to observe well. However, recent advances in space-based observing systems and retrieval techniques promise to substantially reduce these difficulties. One example is the measurements of vertically integrated water vapor, or pr½cipitable water (PW), that can be retrieved from microwave observations by the special sensor microwave/imager (SSM/I) flown on satellites of the Defense Meteorological Satellite Program. Here we use daily precipitable water retrieved from SSM/I observations by Greenwald et al. [1993] to examine the link between water vapor variability and extratropical eddy dynamics. We place special emphasis on the joint variability of moisture and temperature fields, since the latter may be expected to place a substantial constraint on the former.
Our focus is on water vapor variability in the extratropics of southern hemisphere. The southern extratropics are largely ocean covered and thus provide an extensive area amenable to microwave moisture retrievals. Furthermore, the southern extratropics are a region of especially vigorous water cycling. A clue to this perspective is Figure 1 , which shows the temporal standard deviation of PW divided by its time average for the water vapor data examined here (described in more detail in section 2). Two especially noteworthy features of Figure 1 are that the largest relative variability of precipitable water occurs in the middle latitudes and relatively strong variability occurs almost uniformly across the southern extratropics. These features are closely linked to southern hemisphere storm tracks Copyright 1995 by the American Geophysical Union.
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0148-0227/95/95JD-02597505.00 [Trenberth, 1991] . The first feature suggests a highly active branch of the water cycle here, with a strong role for transport dynamics in this region because of strong horizontal gradients in water vapor. The second feature implies a significant role for transient eddy dynamics in the water cycle, which might be expected because standing wave dynamics are weaker in this region.
Eddy dynamics in the southern extratropics compare quite closely with idealized models of extratropical waves based on wave zonal-flow interaction through baroclinic instability [Randel and Stanford, 1985a, b], suggesting a possible understanding of the moisture dynamics based on a substantial body of theory. More specifically, moisture transport parameterizations for the extratropics have been advanced [Mullan, 1979; Stone and Yao, 1990 ] that are based on baroclinic instability theory coupled with an assumption that eddy moisture amounts are strongly governed by eddy temperature fluctuations. Daily PW observations provide an opportunity to test this assumption. The daily PW observations also help us understand the nature of PW fluctuations in relation to temperature variability.
The plan of this paper is as follows. The data sources and their strengths and limitations are described in the next section. The analysis models used here are described in section 3. In section 4 we compare characteristics of the temporal variability of precipitable water and temperature in the lower atmosphere. Section 4 also gives a comparison of spatial characteristics, and Section 5 summarizes conclusions and discusses implications of the results. Table 1 occurs because the two fields are not physically the same, and, indeed, the largest differences between the two occur in latitudes 30øS-45øS (not shown), where climatological 1000-mbar heights are higher above the surface than in latitudes farther south [e.g., Oort, 1983] . Even if we view the differences as error in the ECMWF 1000-mbar temperature, the biases and standard deviations in Table 1 are both relatively small compared to the range of temperatures used here in monthly analyses (e.g., Figure 2 ). We have also compared twice-daily ECMWF 1000-mbar temperatures with daily and twice-daily 1000-mbar temperatures determined from rawindsonde ascents from islands in the southern hemisphere extratropics, for periods overlapping or preceding our precipitable-water retrieval periods (Table 2) . These island stations were undoubtedly used in the ECMWF analyses and so are not independent from the analyses. As a consequence, errors in the ECMWF analyses may be smaller near the island stations than in regions devoid of all observations. However, the biases and standard deviations are again much smaller than the ranges of daily temperatures appearing in the observational data sets or in our analyses (e.g., Figures 3 and 5). The two comparisons suggest that errors in ECMWF analyses are not so large that they will obscure relationships between precipitable water and 1000-mbar temperature being and January, April, and July 1988 and so overlaps the period of our analysis. The ECMWF fields tend to have weaker gradients and tend to overestimate moisture amounts in dry air masses. For daily data the disparity between the two PW fields could be larger. Also, the vertical resolution of the available ECMWF analyses for the study periods includes data at only 1000 mbar and 850 mbar, which is relatively coarse vertical resolution for the portion of the atmosphere where water vapor undergoes its largest absolute changes with height. Finally, it is advantageous in our opinion to use a water vapor estimate from an independent retrieval. For all these reasons we do not include the ECMWF moisture analyses in this study.
Analysis Models
On monthly timescales, precipitable water over the ocean displays a close relationship with sea-surface temperature [Stephens, 1990; Stephens et al., 1993] . This result might be expected because near-surface atmospheric temperatures place a significant constraint on atmospheric humidity through the Clausius-Clapeyron relationship and because these temperatures should be strongly correlated with sea-surface temperature on monthly timescales through surface fluxes of sensible heat and radiation. On shorter timescales the coupling between SST and temperatures in the lower atmosphere may not be as strong, so one would expect this relationship to deteriorate. Furthermore, control of PW by the Clausius-Clapeyron relation implies that relative humidity is fairly constant, a restriction suggested in seasonal data [Telegadas and London, 
r is relative humidity, qsat is the saturation specific humidity for a near-surface temperature T,, Hq is a humidity scale height, p is density, and z is height above the surface. For T, we use the 1000-mbar temperature in the ECMWF analyses and compute q sat using the approximate Clausius-Clapeyron relation q,at = 0.622 1000 m•J exp 3'• 273 K ,
where %.,. -5411 K. We also assume that density follows a scale height relationship IT] 2 (T) *.
We thus attempt to fit the eddy relation (PW)* = (PW•)*,
where here the parameter r is chosen by a least squares fit of (10) to the data. We further distinguish between standing eddy (SE 
where (11) and (12) 
The SSM/I PW we associate with this temperature is an average of the lø-grid data in a 2 ø x 2 ø grid box surrounding the ECMWF data point. We skip any ECMWF data point for which PW data is missing in the 2 ø x 2 ø grid box.
Results

Total Fields
The However, the precise value of r can be affected by any uncertainty in the value of H and Po used in (5). The PW,.,. curve reinforces the conclusion that near-surface temperature exerts strong control over monthly PW, in part because of the concentration of atmospheric humidity to the lower troposphere. We also constructed fits of PW•.,. to the PW(T) distribution using daily and 5-day average data. Five days represents an intermediate average over just a few synoptic timescales (and is also the approximate geometric mean of 30-and 1-day periods). For the daily data the spread of values about the PW,.,. curve is much larger (Figure 3) , as expected. However, the overall pattern shows a temperature dependence similar to Figure 2 . For the daily and 5-day average data, best fits occurred for nearly the same values of relative humidity as given by the monthly average data (Table 3) 
Eddy Fields
The fit of the daily PW data to the PW•.
•. curve suggests that daily temperature fluctuations govern strongly daily PW. However, the apparent accuracy of the fit could be a consequence of the tendency for zonal average T to decrease with latitude, with a corresponding constraint on PW. Accordingly, we have computed (PW)* and, by fitting (10) Table 4 also shows the results of performing fits for the standing eddy and transient eddy fields, using (11) and (12), respectively. These two cases produce a wider range of best fit values for r. The results suggest the possibility that compared to the standing eddy field, the transient eddy moisture field responds more strongly to fluctuations in its corresponding temperature field. Note also that although the magnitude of the standing eddy PW field is smaller than the transient eddy PW, its magnitude is not negligible as is the case for some other standing eddy fields in the southern extratropics, such as dynamic transports [e.g., Peixoto and Oort, 1992] . The reason for this is that PW is concentrated in the lower atmosphere, where its distribution will include an imprint of the slowly changing sea-surface temperature distribution. ,,,,,,,,•,,,,,,,,,,,,,,,,,,,,,,,, 
Spatial Structure
The correspondence between the PW and temperature fields suggests a common spatial structure for the two, at least on the largest scales of variability. This behavior is examined here by comparing spectra of PW and T versus zonal wavenumber. For both fields we have computed spectra (periodograms) for each day included in our PW data set. For PW Also shown is the rms departure of each eddy PW field from its mean, rms(0). SE is standing eddy; TE is transient eddy. the retrievals along a latitude circle contain gaps due to the data voids over land and the oceanic points not viewed by the satellite on a given day. PW spectra were thus computed using a method described by Press et al. [1992] that accounts for uneven sampling of data. Temperature data suffered no gaps in longitude, so that temperature spectra were computed using a standard fast fourier transform. For temperature we reduced the possibility of spectral leakage by applying a split cosine bell taper to the first and last 10% of data along a latitude circle starting and ending at 180 ø longitude. For the separate temperature and PW fields, daily spectra in the same season were then averaged together. This procedure was performed at 5 ø intervals from 30øS to 60øS. Seasonally averaged spectra from all these latitudes were then averaged together to yield time and latitude averaged spectra for the zonal wavenumber dependence of PW and temperature. A 3-point running average filter was also applied to the spectra. Confidence intervals at the 95% level were computed for both the PW and temperature spectra using a standard X 2 Figure 6 , the PW' and T' spectra diverge. On log-log axes, PW' variance decreases with wavenumber with a slope of -1.7, whereas T' variance decreases with a slope of -2.5. Thus the close relationship between PW' and T' expressed in Table 4 appears to be confined to synoptic and planetary scale waves, which, however, are the waves of largest amplitude.
The shortest wavenumbers analyzed here have wavelengths of approximately 300 km and so extend into the range of mesoscale spectra discussed by Lilly [1983] and Nastrom and Gage [1985] , among others. The -5/3 slope of the PW' vari-turbulence could produce this slope [Gage, 1979; Lilly, 1983 ]. An analysis of Nimbus 7 water-vapor retrievals by Manney and Stanford [1990] indicates that thunderstorms and frontal zones could provide the source of spectral variance powering this cascade. Why this slope should extend to much larger wavelengths than observed by Nastrom and Gage [1985] for wind and potential temperature spectra is not clear, though guided by Lilly's [1983] exploration of the effects of stratification on turbulence spectra, one might speculate that the strong stratification of atmospheric water vapor may promote this behavior.
Spectra of the total eddy fields appearing in Figure 7 show less of a correspondence between moisture and temperature. The differences are due to a substantial standing eddy component that appears much more strongly in the eddy temperature field than in the eddy moisture field. As noted above, the 
Summary
We have examined the relationship between daily precipitable water and 1000-mbar temperature in the southern hemisphere's extratropics. For both the total and the eddy PW fields, there is a close correspondence between local fluctuations in PW and in T(1000 mbar). The correspondence appears particularly strong for synoptic and planetary scale transient eddies. The results support a typical modeling assumption that transient eddy moisture fields are proportional to transient eddy temperature fields under the assumption of constant relative humidity, though they also suggest that the proportionality factor r for transient eddy departures Our fits of the total PW data, using (5), were shown after an estimated systematic error of 3 kg m-2 was subtracted from the data. It has been suggested (D. Jackson, private communication, 1994) that the systematic error reported by Tjemkes et al. [1991] was largely removed by the correction for liquid water contamination described by Greenwald et al. [1993] , so that it was not necessary here. If we do not subtract this error from the PW retrievals, then the best fit for the total PW field occurs for r = 90%, which is considerably larger than near-surface relative humidities reported by Peixoto and Oort [1992] . Arguably, by adjusting the PW retrievals we are using rawindsonde data to force an agreement with rawindsonde data. However, if the best fit were to occur for r --90%, then the vertical arrows in Figure 4 would correspond to 90% relative humidity, and there would be a considerably larger population of data points in Figure 4 residing above the 100% level. It would be much harder to explain these large r value points as a consequence of the systematic error in the data. On the basis of the review of rawindsonde accuracies by Larsen et al. [1993] , it seems unlikely that the rawindsonde measurements would have such a large error that they would on average report 75% relative humidity when it actually was 90%. There are also possible errors in assigning appropriate values to 9o and H in (5) and in assuming that the 1000-mbar temperatures are representative of surface air temperatures.
Observed latitudinal variations of Hq, Po, and surface pressure suggest that these factors would contribute to an error in r estimates of only a few percentage points. If the appropriate temperature in (5) is actually warmer than the ECMWF 1000-mbar temperatures, then one could obtain a lower r. If we were to increase temperatures uniformly by 3.25øC without reducing PW by 3 kg m -2, then we would obtain r •-0.72. Table 1 , however, indicates that in making this adjustment, the effective temperature would be below the surface at many latitudes. Perhaps a more serious issue is that the rawindsonde climatology may be biased toward observations over land, whereas the PW retrievals used here of course contain only observations over the ocean, so that a comparison with Peixoto and Oort's [1992] data might be inappropriate. However, because their data set does include ocean-based observations and because the southern hemisphere midlatitudes are largely ocean covered (so that land values might be strongly governed by nearby ocean humidity fields), the agreement between the best fit r obtained using the adjusted data and the relative humidity given by Peixoto and Oort would appear to be a further confirmation of a systematic error in the retrieved PW used here.
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